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Highly Selective Ionic Block copolymer Membranes 
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The objectives of this project were to (1) develop a fundamental understanding for selectivity 
criteria in selective membranes and to (2) develop new highly selective membranes. The first 
objective focused on investigating multicomponent transport phenomena in ionic polymer 
membranes on a molecular scale using time-resolved Fourier transform infrared-attenuated total 
reflectance (FTIR-ATR) spectroscopy. The outcomes of this research project provided a 
fundamental understanding of multicomponent transport mechanisms and provided a new body 
of knowledge in selective barrier materials. The second objective focused on developing new 
membranes based on ionic block copolymers with improved selectivity. We were successful in 
accomplishing these goals and the projects below highlight the key results from this project. 
 
Publications from this project 

• Hallinan, D.T., Jr.; Elabd, Y.A. Diffusion and Sorption of Methanol and Water in Nafion 
using Time-Resolved FTIR-ATR Spectroscopy. J. Phys. Chem. B 2007 111 (46), 13221-
13230.  

• Hallinan, D.T., Jr.; Elabd, Y.A. Diffusion of Water in Nafion using Time-Resolved 
FTIR-ATR Spectroscopy. J. Phys. Chem. B 2009, 113 (13), 4257-4266.  

• Chen, L.; Hallinan, D.T. Jr.; Elabd, Y.A.; Hillmyer, M.A. Highly Selective Polymer 
Electrolyte Membranes From Reactive Block Polymers. Macromolecules, 2009, 42, 
6075-6085. 

• Hallinan, D.T., Jr.; De Angelis, M.G.; Baschetti, M.G.; Jr.; Sarti, G.C.; Elabd, Y.A. Non-
Fickian Diffusion of Water in Nafion. Macromolecules 2010, 43, 4667-4678. 

• Hallinan, D.T., Jr.; Elabd, Y.A. Equilibrium States of Water in Nafion. In preparation. 
• Hallinan, D.T., Jr.; Elabd, Y.A. Dynamic States of Water in Nafion. In preparation. 

 
Personnel in this project 

This work supported one PhD student, Dan Hallinan. Dan graduated with his PhD and is now 
currently a postdoc at University of California, Berkeley. Dan’s work resulted in four 
publications and two more manuscripts in preparation. During this time, Dan also mentored four 
undergraduate students (3 female). In addition, we began a new collaboration with Marc 
Hillmyer at the University of Minnesota. Dan was instrumental in this collaboration and 
interacting with Marc’s PhD student Liang Chen on this project.  

 
Key Results from this Project 
 
Multicomponent Diffusion and Sorption in an Ionic Polymer Membrane 

We recently measured the diffusion and sorption of methanol/water mixtures in Nafion (most 
commonly used ionic polymer membrane in fuel cells) as a function of methanol solution 
concentration using time-resolved FTIR-ATR spectroscopy. This study applies to the methanol 
fuel cell, which is a promising alternative to lithium-ion batteries in portable electronic devices, 
however their performance diminishes significantly because of high methanol crossover (flux) in 
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the ionic polymer membrane at the desired stoichiometric methanol feed concentration (17 M). 
Figure 1 shows one experiment where hydrated Nafion was exposed to a 2 M methanol/water 
liquid mixture resulting in methanol diffusing in and water diffusing out (counter-current 
multicomponent diffusion) of the polymer simultaneously. The results from this technique are 
unique because of the ability to measure multicomponent diffusion and sorption within a 
polymer on a molecular level in real time. Both the effective mutual diffusion coefficients 
(obtained from a regression of the dynamic absorbances to a diffusion model) and 
multicomponent concentrations (obtained from the equilibrium absorbances calibrated to total 
gravimetric sorption) of methanol and water in Nafion were determined as a function of 
methanol solution concentration.   

A methanol flux was determined from this FTIR-ATR data (from the methanol diffusion 
coefficient and methanol concentration in Nafion) and this flux matched the flux obtained from a 
conventional permeation cell technique (from the methanol permeability coefficient and 
methanol solution concentration) at all methanol solution concentrations studied. An increase in 
methanol flux by nearly three orders of magnitude over the methanol solution concentration 
range of 0.1-16 M was observed. A key finding in this study is that the main contributing factor 
to the increase in methanol flux (crossover) was from methanol sorption in Nafion and not 
methanol diffusion, clarifying a common misconception in this field of study. These results 
suggest that methanol fuel cell performance and efficiency can be improved by developing new 
ionic polymers that sorb less methanol, while maintaining a high proton conductivity.  

In addition to measuring the diffusion of hydrogen-bound methanol and water clusters, the 
infrared spectra also provides evidence of protonated methanol and protonated water species, 
when the polymer is exposed to methanol/water mixtures in the vapor state. Quantification of the 
equilibrium and dynamic states of these species are currently underway along with the 
development of new multicomponent diffusion models that account for diffusant-diffusant and 
diffusant-polymer interactions. The multicomponent models that are currently being developed 
in conjunction with the new multicomponent data will aid in determining the true 
multicomponent diffusion effects in this system. 
 
 
 

   
Figure 1. Time-resolved FTIR-ATR spectra of 2M methanol/water diffusion in hydrated Nafion® 117 at 25oC. Magnified 
view of (left) C-O stretch of methanol and (center) H-O-H bending of water is shown here. (right) Normalized integrated 
absorbance of C-O stretch and H-O-H bending as a function of time. The solid lines represent a regression to a 
multicomponent diffusion model. 
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Key Results 
 
(1) Both multicomponent diffusion and sorption were measured within an ionic polymer 

membrane on a molecular level in real time as function of concentration. This has not been 
demonstrated before for mixtures in an ionic polymer.  
 

(2) The main contribution to the increase in methanol flux was due to methanol sorption in the 
membrane and not diffusion. The typical assumption in ionic polymer development for the 
methanol fuel cell is that the diffusion coefficient is the main contribution to the increase in 
flux (crossover). These results provide new insights for the future development of ionic 
polymers for the methanol fuel cell.  
 

(3) These findings illustrate not only the ability to measure multicomponent diffusion and 
sorption, but also the ability to measure complex molecular diffusing species, such as 
protonated or ionic methanol and water.  

 
New Ionic Polymer Membranes Based on our Multicomponent Transport Results 
(collaboration with the University of Minnesota – Marc Hillmyer) 

Based on our multicomponent transport results (detailed in the section above), new ionic 
polymer membranes that sorb less methanol, while maintaining high proton conductivity was the 
new future design goal. With this new approach in mind, the synthesis of a reactive 
(crosslinkable) ionic block copolymer containing a norbornene-functional block for ultimate 
metathesis crosslinking, and a polystyrenesulfonate ester block as the precursor to a proton-
conducting phase was explored (Figure 2). In this strategy, we envisioned a micro-phase 
segregated polymer, where one block could act to minimize methanol sorption (via crosslinking), 
while the other block could rapidly transports protons (via sulfonic acid).  

A series of reactive poly(norbornenylethylstyrene-s-
styrene)-poly(n-propyl-p-styrenesulfonate) (PNS-PSSP) block 
polymers were prepared by atom transfer radical 
polymerization (synthesized in Marc Hillmyer’s laboratory at 
the University of Minnesota). Solutions containing PNS-
PSSP, cyclic olefin dicyclopentadiene, and the 2nd generation 
Grubbs metathesis catalyst were prepared, cast as thin films, 
and allowed to cure at room temperature by a ring-opening 
metathesis polymerization (ROMP) mechanism. The PSSP 
phase in these films were converted into the sulfonic acid 
form by hydrolysis of the propyl sulfonate ester. This last step 
is different than the traditional approach, where ionic 
polymers containing styrenesulfonic acid are typically 
produced by sulfonation of the styrene or by radical 
polymerization of sodium styrenesulfonate. In these examples, 
the processabilities of the resultant polymers can be 

 
Figure 2. Preparation of 
crosslinked ionic block copolymer 
membranes. 
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compromised by their ionic character. The polymerization of styrenesulfonate esters, on the other 
hand, allows for the synthesis of copolymers with tailored levels of sulfonation using controlled 
free radical polymerization followed by base hydrolysis.  

Figure 3 demonstrates that the synthesized crosslinked ionic block copolymer membranes 
resulted in a bicontinuous morphology with continuous domains of the sulfonic acid phase 
supported by a continuous and mechanically robust poly(dicyclopentadiene) phase. The 
molecular weight of the PNS-PSSP block polymer controlled the domain sizes, and the 
mechanical properties of the membranes could be tuned through the choice of cyclic olefins 
used. The ionic polymer membranes exhibited pronounced mechanical and thermal robustness. 
This reactive block polymer strategy for the preparation of ionic polymers is attractive due the 
ready formation of bicontinuous structures, the facile control of domain size, and the ability to 
independently control mechanical and swelling properties of the matrix material.  

Preliminary transport property 
measurements on these crosslinked ionic 
block copolymer membranes revealed 
several surprising results. Contrary to what 
has been observed in most ionic polymer 
membranes (e.g., Nafion), the proton 
conductivities in these materials were 
relatively independent of water content 
(Figure 4). Furthermore, proton 
conductivities in these membranes were 
similar to those observed in Nafion at high 
humidity. Also, we noted that proton 
conductivity appears to increase 
with decreasing domain size in 
these materials. A key result as it 
applies to the methanol fuel cell is 
that select membranes showed 
significantly lower methanol 
crossover (flux) than Nafion while 
maintaining high saturated proton 
conductivities (Figure 4). 
 
Key Results 
 
(1) Developed a new strategy for 
ionic polymers (crosslinked ionic 
block copolymers) which is attractive due the ready formation of bicontinuous structures, the 
facile control of domain size, and the ability to independently control mechanical and swelling 
properties of the matrix material.  
 
(2) Transport results in these materials confirmed our multicomponent transport findings 
(detailed in previous section), where crosslinking resulted in reduced methanol flux (due to 
sorption) while maintaining high saturated proton conductivity. Additionally, the morphology 
was closely tied to transport (conductivity-domain size relationship).  

 
Figure 3. TEM images of crosslinked ionic block 
polymer membrane: (a) cross-linked block stained by 
OsO4; (b) conductive block stained with Pb(acetate)2. 
 

 
Figure 4. Through-plane proton conductivity versus (left) water 
content and (right) methanol permeability. Nafion (black) and 
crosslinked ionic block polymer membranes (other colors).  
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Non-Fickian Dynamics in Ionic Polymer Membranes 

We have also recently measured the sorption and desorption dynamics of water vapor in 
Nafion as a function of water vapor activity and water flow rate using time-resolved FTIR-ATR 
spectroscopy (Figure 5). The application is the hydrogen fuel cell, which is an attractive 
alternative power sources for applications, such as transportation; however, fuel cell performance 
is a strong function of water equilibrium content and water sorption and desorption kinetics in 
ionic polymer membranes (e.g., Nafion). Although similar water sorption isotherms for Nafion 
have been reproduced in many laboratories, reported diffusion coefficients of water in Nafion 
vary by up to four orders of magnitude. Both integral and differential experiments were 
performed in this study, where integral experiments consisted of increasing the vapor activity 
from 0% RH to one of five values (22%, 43%, 56%, 80%, or 100% RH), while in differential 
experiments, the activity was sequentially increased in smaller steps from 0% to 22% to 43% to 
56% to 80% to 100% RH.  

Sorption kinetics was found to be a function of flow rate, where mass transfer resistance at 
the vapor/polymer interface was significant at low flow rates, but was insignificant at high flow 
rates. Accurate sorption and desorption diffusion coefficients were calculated in this study 
(measured at high flow rates with no mass transfer resistance) and did not vary significantly over 
the entire water vapor activity range (~10-7 cm2/s).  

For differential experiments, Fickian behavior was observed at all vapor activities except at 
low vapor activities (0% to 22% RH). For integral experiments, Fickian behavior was only 
observed at moderate vapor activities, while non-Fickian behavior was observed at both low and 
high vapor activities (0% to 100% RH). At low humidities, an extended initial time lag resulted 
in non-Fickian behavior, where dynamic infrared data provided evidence for an interaction or 
reaction between water and sulfonic acid. A diffusion-reaction model was developed and 
described this anomalous behavior, where the time lag was a function of water content. At high 
humidities, a slow approach to steady state resulted in non-Fickian behavior, where dynamic 
infrared data provided evidence of water-induced relaxation in the polymer backbone. A 
diffusion-relaxation model was developed that was consistent with the polymer relaxation (three 

   
Figure 5. (left) Time-resolved FTIR-ATR spectra of water (0-100% RH) diffusing into dry Nafion at 30oC at selected time 
points. (center) Integrated O-H stretching absorbance of water during differential diffusion experiment, where Nafion was 
cycled from dry conditions to 100% RH and back to dry conditions in increments of approximately 20% RH. (right) 
Normalized time-resolved absorbance of water O-H stretching band during differential diffusion experiment: 43% to 56% 
RH. Solid line is a regression to the Fickian diffusion model. 
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element viscoelastic model) and water diffusion data, where only one fitting parameter (where up 
to six parameters have been used previously for dynamic gravimetric data) was used for each 
data set to determine both a relaxation time constant and diffusion coefficient (Figure 6). Not 
only do the diffusion coefficients from these two models compare well with Fickian diffusion 
coefficients from experiments at small water concentration gradients, but also the results in this 
study provide physical insight into the transport mechanisms of water and relaxation phenomena 
in ionic polymer membranes. 

In addition to observing non-Fickian dynamics, where both acid dissociation and polymer 
relaxation can be measured in addition to water sorption and desorption dynamics, the FTIR-

ATR spectra also provides molecular information on the dynamics on the different states of 
water and also ionic water (protonated water). We have recently deconvoluted this data and 
observed interesting new findings as it pertains to understanding conductivity-states of water 
relationships. Currently, more complex transport models are under development that incorporates 
different states of water. This data is the first to our knowledge that quantitatively measures the 
dynamic states of water (including protonated water) in an ionic polymer. 
 
Key Results 
 
(1) Time-resolved FTIR-ATR spectroscopy experiments allow for the determination of accurate 
mutual diffusion coefficients of water in Nafion with molecular-scale resolution when mass 
transfer resistance is accurately considered. This is a critical finding since the literature reports 
diffusion coefficients of water in Nafion that vary by as much as four orders of magnitude. 
Knowing the accuracy of water transport in Nafion is important because fuel cell performance is 
such a strong function of water equilibrium content and water sorption and desorption kinetics in 
Nafion.  
 
(2) This study also identified two different non-Fickian regimes under low humidity sorption and 
high humidity sorption with a large concentration gradient. In addition, the time-resolved FTIR-
ATR spectra provides real-time molecular information regarding the acid dissociation reaction 
and polymer relaxation, which not only provides new insights into the fundamental transport 
mechanisms of water in Nafion, but this data was used in conjunction with more complex models 

 
Figure 6. (a) Time-resolved FTIR-ATR spectra of water vapor (100% RH) diffusing into dry Nafion. The left 
and right sections of spectra are on different absorbance scales for clarity. Arrows show direction of spectral 
change with increasing hydration. (b) Regression of the relaxation model to the normalized, integrated polymer 
backbone C-F2 stretching absorbance, where the relaxation time constant, β, was the only fitting parameter. (c) 
Regression of the diffusion-relaxation model to the normalized, integrated water O-H stretching absorbance, 
where the diffusion coefficient was the only fitting parameter. 
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that accurately capture diffusion-reaction and diffusion-relaxation phenomena with minimal 
fitting parameters required.  
 

(3) The dynamic behavior of different states of water including protonated water in an ionic 
polymer was quantified. 

 
  


